An optical tire contact pressure test bench developed by the IMMa group is described. The measurement system is based on the frustration of total internal reflection (FTIR) of light. The test bench allows performing normal pressure distribution and patch contact shape measurements on passenger car tires. The system is based on the use of a laterally illuminated glass on which the tire leans. Between them a plastic interphase is located that will cause the FTIR of light. A video camera catches the formed shining image through the glass. The brightness level in each pixel of the image can be related to the existing normal pressure. The study of the contact patch provided by the bench makes it possible to characterize tire behaviour under different loading states, inflation pressure, tire defects and toe and camber angles. The bench incorporates a computerized load and control system of the tire operation parameters, an image acquisition module and a data acquisition system that allow monitoring and acting on the experimental variables of interest in the tests such as load on the tire and environmental conditions. A supporting mechanical system incorporated to the bench allows providing the tire with variable toe and camber angles.
Introduction
Tires are a very important component for vehicle-ground interaction. A good tire design enhances driving security; improves behaviour in unsafe conditions such as rain or bad pavement; saves fuel, thanks to the reduction of energy losses due to deformations; produces a higher comfort, thanks to noise reduction during tire rolling [1] [2] [3] .
An increasing interest in the fields of tire design and vehicle dynamics exists to collect precise data of different tire patches and the corresponding contact pressure distributions in diverse operation conditions. There are several goals in the determination of tire patch spatial pressure distribution. The first is the assessment of its influence on tire wearing. The second is to know how it affects vehicle dynamics. A further goal is its use for fitting mathematical *Corresponding author. Email: juancas@uma.es; Tel.: 34 5-2131415; Fax: 34 Vehicle System Dynamics ISSN 0042-3114 print/ISSN 1744-5159 online © 2006 Taylor & Francis http://www.tandf.co.uk/journals DOI: 10.1080/00423110500171158 models, which improve, when necessary, the estimations given by traditional methods used nowadays [4] [5] [6] [7] [8] [9] [10] [11] .
Commonly used techniques to measure contact pressures are based on two different technologies: systems based on piezoresistives or piezoelectric sensors and sensors based on optical phenomena.
There are a great number of studies based on the first of the above points. In all of them, the value of the pressure is obtained in a reduced number of discrete points of the contact zone, extrapolating in some cases to obtain an approximated map of pressures. Also triaxial sensors have been used to obtain, in addition to the normal pressures, tangential and longitudinal ones, also in discrete points [12] [13] [14] [15] [16] [17] .
Limitations of these techniques refer first to the high cost of the sensors, together with the fact that to obtain a representative map, a great number of sensors are needed. Second, these techniques give a highly reliable measure in the measurement points, but only give the value in a discrete way, being necessary to fit the pressure levels at these points to mathematical expressions to estimate the pressure distribution between the measurement points. Thus, these techniques are limited to the study of very simple treads and a low number of measurement points in the patch. The higher the number of measurement points, the higher the total cost of the full system.
Optical techniques based on the phenomenon of frustration of total internal reflection (FTIR) of light provide a very high resolution with low cost and good precision, although not so elevated as the one provided by the capacitive or resistive sensors. Precision can be increased to higher levels if the measurement process and other factors of influence such as environmental light and used interphase plastic are carefully controlled or selected. It needs a very simple mounting structure as well as an inexpensive data and image acquisition system. The resolution is very high, as much as the video system used to take the image of the patch [18] .
The aims of this paper are:
• To comprehensively describe the major systems of the testing machine.
• To explain the operation and control of the machine.
• To show some examples of the results the machine is capable of producing.
FTIR phenomenon
The method used in the test bench fits within the second previously explained technology, using the FTIR of light as the physical principle. A high resolution is obtained, solving the lack of continuity in the measurement of pressures, and, thanks to the images acquisition and calibration methods, each pixel of an image represents the normal pressure level in that point with high accuracy. The phenomenon of FTIR of light establishes that when light travels through a medium and it approaches the interphase with another medium with a different refractive index, being optically less dense than the first, so that the light leaves this one, the angle of incidence will have to be smaller than a critical one (γ c ). For an angle of incidence greater than the critical one, the light is trapped within the densest medium, and it will be reflected infinitely inside it. If a third medium of greater optical density (e.g. a thin plastic lamina) is placed in contact with the glass and if the critical angle of this new interphase (γ c ) is greater than γ c , the light, which was internally reflected with an angle γ between γ c and γ c , can leave now, frustrating the internal reflection. Thus, in the contact point, plastic-glass, a shining point appears that can be observed from the opposite side of the glass (figure 1) [19, 20] . When pressing on the superior part of the plastic, it will be forced into a more intimate contact with the glass. The size of this contact zone will depend on the applied pressure. The more the pressure increases, the greater the deformation of the plastic and the greater the contact zone will be, as well as the number of zones where such contact continues appearing, reason why it will exist in more places where frustration of internal reflection takes place.
Thus, when the patch is observed from below the glass, it can be verified that the brightness increases with increasing pressure. This process continues until the saturation of the interphase material is reached, given by a level of grey equivalent to the white colour.
General description of the test bench
The tire test bench described in this article is based on the phenomenon of FTIR of light. The system includes a rigid structure by means of a steel table on which the rest of the devices are placed (figure 2). The table supports a frame on which a glass plate leans where the tire will roll. An interphase lamina is placed between the tire and the plate. It consists of a plastic or polymer material of a suitable texture, and the rigidity for the rank of pressures to be measured. The tire is loaded by means of a pneumatic piston. The rest of the necessary devices include an electrical motor and linear bearings to generate linear displacement of the frame, fluorescent lights for the illumination of the glass plates and all the image acquisition systems.
The use of a standard CCD camera and an image acquisition card with a resolution of 752 × 576 pixels provides 433,152 points of measurement. This resolution is ∼200 times more elevated than the one obtained with traditional methods of measurement based on capacitive or resistive sensors.
The test bench developed consists fundamentally of the following:
1. A load and control system for operation parameters of the tire. The load is introduced by means of a pneumatic piston. The toe and camber angles remain constant during each measurement, thanks to the built-in arm. The control of the applied force on the tire allows carrying out the load-unload process easily in a totally trustworthy way. 2. A normal pressure measurement system based on the optical method of FTIR. 3. A calibration system that allows performing a correct correlation between grey levels and the pressure in each point of the digitized image for the measurement system. The calibration part allows applying a known level of pressure to a small area of the plastic lamina, performing this operation repetitively. Thanks to the processing of the obtained signals, we were able to relate the applied pressure to an average level of grey, being able to quantify the dispersion of the measurement too. 4. A supporting frame on which part of the normal pressure measurement system is placed. 5. A tractor system to transmit a controlled displacement to the supporting frame, being necessary to make tests at low speed and acceleration. 6. A rigid structure or supporting table. It is the structural element that serves as a support for all the parts. All other components are placed on it.
Measurement system calibration
By means of system calibration, an image in the computer representing the pressure map that exists in the patch is pursued, allowing to obtain quantitative data of the existing pressure in the contact points. The factors that affect the obtained image can be separated into two groups: those that are a consequence of the image acquisition system (e.g. distortion of the image introduced by the curvature of the lens of the camera, the absorption of light in the glass and the brightness level reference) and those that depend on the type of material used in the interphase (e.g. sensitivity, saturation and hysteresis). The system has two different modules: the independent calibration of the image acquisition system and the calibration of the interphase material.
1. Calibration of the image acquisition system. A direct relationship between 'pixels' and millimetres will be obtained with this module. It is possible to conduct direct measurement operations on the patch by this method (e.g. distances or areas). Similarly, the correction of the distortion introduced by the lens on the image is considered. 2. Calibration of the interphase material. The different correlations between the grey levels of each point in the image and the associated pressure values will be obtained with this option. One correlation is needed for each different material used as an interphase. In addition, a database is included in which all the tried materials and their characteristic parameters are stored.
Camera calibration
This procedure is necessary to correct the nonlinear distortion effect introduced by the camera lenses and to obtain a relationship between each 'pixel' in the image and its corresponding equivalence in millimetres.
For the calibration of the camera, the zoom is fitted so that the patch of maximum size that is going to be taken is completely framed within the limits of the image. Next, with the camera already in the definite position, an image of a grid of known dimensions, perfectly placed on the glass, is taken so that the entire patch is also inside it. This image is later processed by the computer to correct the distortion introduced by the curvature of the lens and to obtain the pixel-millimetre relationship looked for.
Interphase material calibration
The aim of the plastic interphase calibration is to obtain the relationship between brightness levels and applied pressures necessary to be able to collect quantitative data of the existing pressure in a point. Betts and Duckworth [20] focused on some aspects of the calibration and the behaviour of the interphase in a similar measurement system used to carry out static and dynamic measurements in the foot-floor contact. In the application that matters to us, the influence of temperature and illumination has been considered. The result of this process is a series of correlations and graphs that completely characterize the behaviour of the material.
For the interphase material calibration, the use of specially designed parts is required to this end. As it is possible to observe in figure 3 , the calibration parts present a cavity in their interior which allows the entrance of pressurized air from the compressor. This air, once in the cavity, will exert equal pressure on all its walls. As the part is placed over the plastic to be calibrated, and the plastic next to the glass, the plastic becomes the last one of the walls of the cavity, reason why on this side the pressure introduced by the compressor will also be applied. This way, the existence of uniform pressure on the calibration zone is ensured.
The light ray that is shown in figure 3 would have frustrated its internal reflection, as well as all the rays that fall into the projected circular region in the figure. The brightening image that is obtained will be recorded by the video camera, which will allow digitizing the image. The result will have the shape of a dark image with a shining ring containing the region where the calibration pressure has been applied, whose brightness will be increased gradually as the pressure introduced in the camera increases. Making progressive pressure increases and beginning from null, a series of characteristic images of each one of the reached pressure values are obtained. For each image, a Gaussian distribution with all the present grey levels within the region of interest is calculated in such a way that the average grey level of this distribution is the one that is taken as the value associated to the applied pressure for that image. This way the interphase material calibration is reached, fitting the obtained values to a polynomial of a suitable degree.
If the obtained image were completely black, the brightness level for null pressure in all the points would be 0. In other illumination conditions, this brightness value will be different. For this reason it is necessary to establish the brightness level corresponding to null pressure for each measurement before using the material calibration curve.
Temperature and environmental illumination influence on the calibration
Within the parameters that can affect the interphase material calibration, it has been considered that those which have a greater influence are temperature, which can affect the behaviour of the plastic, and environmental illumination, which can affect the brightness-pressure level relationship.
Temperature
The calibration of a plastic with temperatures of 20.5, 24 and 26
• C has been made. To control the effect of temperature, a temperature sensor has been included whose measurement is displayed on the computer monitor where the average temperature of each individual measurement is indicated. Temperature has been considered as it can influence the physical properties of the plastic. The results appear in figure 4. It can be observed that the relationship remains linear although a slight variation in the y-intercept and an increase in the slope up to 17.26% take place. Therefore, temperature will be a parameter to be considered in the accomplishment of measures as it affects the slope of the calibration straight line. These results are similar to those obtained by Betts and Duckworth [20] .
Illumination
For the study of environmental light influence, the calibration of a plastic in variable illumination conditions has been made. A calibration has been made in complete obscure conditions and another one with room illumination on.
The calibration without light was carried out without any luminous sources except for the light which came from the computer screen. The whole system is hidden behind a curtain that reflects light on the external side and absorbs light on the internal side. This way any entrance of light in the measurement zone is prevented. The light proceeding from the computer screen is gathered and absorbed by the curtain. To avoid the appearance of diffuse light, the monitor has been oriented towards the curtain. The obtained results are in figure 5 . Variation in illumination conditions does not affect the value of the slope in the calibration straight line to a great extent. Then, a logical increase of the value of the y-intercept is observed, being around 20 grey levels. This effect can be corrected with the treatment of the taken image, only adjusting the grey level value to null pressure. The variation in the slope, not being significant, does not have to be considered during patch capture. Nevertheless, we advise the patch capture to be performed in the same conditions in which the calibration was made. 
Obtaining images
Observing the glass from the opposite side of the interphase, an image of points, in which the brightness is proportional to the applied pressure, is visible. The measurement process consists of the image acquisition formed in the glass by using a video camera. The image is digitized and stored in a computer with a special video format. Later it is transformed into a bit map in grey scale in which each one of the 255 levels of grey is related to an intensity of brightness and therefore with a pressure level. This way, by means of processing the image, the distribution of pressures and the exact shape of the patch are determined. The rigidity of the interphase is the one that determines the brightness level obtained in the meeting points. Therefore, if this one is chosen in a suitable way, continuous pressure charts with maximum detail of the tire patches can be obtained.
Results
A software of own design allows both the control of the test bench and the acquisition of the formed image. A two-dimensional representation can be made of this image as well as a three-dimensional one (figure 6), obtaining isobaric curves, longitudinal profiles throughout a direction, pressure, distances and contact area values.
As an application example, the results obtained for two types of tests carried out are enclosed. In the first, the characteristic dimensions of the contact patch of a tire and in the second, the application of the bench in the characterization of defects in the tread belt of tires are obtained.
A 165/65 R13 tire and a 195/60 R14 tire have been used with the characteristics given in table 1. 
Patch dimensions related to vertical load
For this test, a 165/65 R14 tire has been used, applying small increases of the vertical load to it, obtaining the characteristic dimensions of the contact patch (table 2) .
It is also possible to observe how the contact patch with different vertical loads evolves, according to the images obtained with the test bench (figure 7).
Patch dimension values for different vertical loads can be obtained with the collected data. Assuming that the contact patch is rectangular, and according to the Zegelaar thesis [21] , to obtain the contact patch dimensions the following expression has to be fulfilled:
where a c and b c are the dimensions of the contact patch measured in the test bench and A c is the area of the measured contact patch.
To obtain this objective, first the relationship between the applied load to the tire and the measured area is calculated to be able to know the area of the contact patch for any vertical load. This relationship is shown in figure 8 . 
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The relationship between the vertical load of the tire and the real contact area of the patch is linear and it can be estimated according to the following equation:
To obtain the measured dimensions of the contact area, the width of the patch is considered significant data as its behaviour, when a vertical load is applied, is simpler to measure.
The width of the contact patch follows an exponential relationship for the vertical load. This fact can be observed in figure 9 .
Being established with the following equation:
Consequently, the effective dimensions of the contact patch of the tire can be calculated according to equations (6) (7) (8) , assuming that the shape of the contact patch is rectangular.
The obtained length, according to the previous methodology, does not agree with the one obtained in the test bench. This is because for the use in models a real rectangular-shaped contact area is assumed where the contact is complete in the entire patch. In case of the real contact patch, its shape is not rectangular and, in addition, there are zones where there is no contact due to the tread of the tire. In any case, the variation in the length of the patch with the load has also been obtained. This relationship is shown in figure 10 .
The behaviour adjusts suitably to the following expression:
Tire defect detection
An interesting field where the test bench has been a very useful tool is the detection and characterization of failures in the tire belt. The study of the field of pressures has been performed on a tire to which a defect has been caused simulating the loosening of material that takes place, for example, when some sharp element gets inside without perforating it completely (figure 11).
In figure 12 , in grey scale, the distribution of pressures obtained in the tire patch, before and after the defect being caused is shown. The brightest levels indicate greater values of contact pressure in the patch.
In the image, we observe that on the border of the defect the pressure levels increase with respect to the ones the original patch had. This effect can be verified making profiles on the zone without material ( figure 13 ).
In the profile, the effect of the pressure increase is perfectly observed. Another effect that appears is that the pressure levels of the rest of the patch increase to compensate the zone without material, as the applied load is the same.
In the three-dimensional representation (figure 14) it is clearly visible how in the surroundings of the defect a high increase in contact pressures takes place. 
Conclusions
1.
A test bench able to measure the distribution of normal pressures and the geometry of the contact in the tire patch based on the phenomenon of FTIR of light has been developed. 2. Two of the factors which have a great influence during the accomplishment of the tests have been studied. 3. The first of these factors is environmental light. It causes a slightly vertical displacement of the calibration straight line, affecting its slope. 4. The second of the influence factors is the environmental temperature which produces a slight increase in the slope of the calibration straight line, affecting the y-intercept. 5. As an application example of the use of the machine, the results obtained from two tests carried out with it have been provided. In the first one, the influence of vertical load in the patch dimensions (area, width and length) is studied. Expressions have been obtained that fit each one of those values with the vertical load. 6. The second is the application of the test bench in the detection and characterization of defects in the tire tread belt.
